A density matrix treatment of the time evolution of the third order polarization response describing the optical heterodyne detected (OHD) transient birefringence and dichroism excited by ultrafast pulses is given. The relationship between frequency domain (Raman scattering) and time domain (pump-probe) spectroscopies is revealed by this pathway explicit description. Constructive and destructive interferences between time evolution density matrix pathways account for the respective strong birefringent and weak dichroic ground state nuclear response when the pulses are electronically nonresonant. However, for electronically resonant chromophores, the dichroic response is larger than the corresponding birefringent response due to constructive and destructive interferences respectively between density matrix time evolution histories. No such interferences contribute to spontaneous Raman scattering. The relative magnitude of the resonant dichroic and birefringent responses is pulse width dependent in the fast pulse limit and dependent on the relative rates of optical dephasing and ground state nuclear motion in the rapid optical dephasing limit. The spatial interpretation of the ground and excited state OHD polarization responses is given within the context of this polarization approach and the familiar Maker-Terhune notation. These relationships between time and frequency domain spectroscopies are illustrated by the observed OHD birefringence and dichroism and the spontaneous Raman spectra of both a nonresonant liquid (chloroform) and a resonant solution ( I2 in n-hexane).
INTRODUCTION
Impulsively excited quantum beats or coherences attributable to nuclear motions in ground or excited electronic states are a molecular response often detected in ultrafast pump-probe studies. Such beats are observed in spontaneous fluorescence,'-3 impulsive stimulated scattering (1%) ,4*5 transmission correlation,6*7 transient absorption, 8'9 and transient birefringence and dichroism5*10-'2 measurements and other four-wave mixing spectroscopies using ultrafast light pulses. The time dependence of these coherences, as well as the decay of the pump induced population, is a direct measure of both intra and intermolecular dynamics. Scherer et al. have recently reported the impulsively prepared optical heterodyne-detected (OHD) birefringence and dichroism of both electronically nonresonant liquids and resonant solutions.r3'r4 OHD birefringence/dichroism may be described as polarization selective pump-probe spectroscopy. This technique allows the complex character of the third order polarization response to be separately observed by the choice of the relative local oscillator phase (vi& infra) . The OHD birefringence and dichroism, pumped and probed by 30 fs pulses resonant with the B-state absorption of I2 in alkane solutions, unequivocally demonstrates the three types of intramolecular responses anticipated for resonant one-color pump-probe studies: excited state population and vibrational coherent superposition decay, and ground state vibrational coherent superposition decay. As discussed else-"NSF-National
Young Investigator+ where,13 the decays of the excited state contribution to these OHD responses establish the B-state predissociation lifetime as 200 fs in n-hexane (at 580 nm). Mukamel and co-workers"-'* have derived a general framework for the description of two-pulse pump-probe spectroscopies. The extension of this formalism to explicit optical phase sensitivity has also been considered and applied to the description of the OHD birefringence and dichroism experiments mentioned above." This highly compact formalism is based on a nonlinear polarization density matrix description of pump-probe spectroscopy with wellseparated pulses.
The total macroscopic third order polarization may equivalently be derived by summing over all possible time evolution histories of the bra/ket-radiation interactions.*' Here we derive the OHD birefringence and dichroic signals due to electronically resonant and nonresonant ultrafast excitation based on such a density matrix approach where the explicit contributions of each distinct bra/ket time evolution history are considered separately. This pathway explicit approach provides a basis for qualitatively understanding the relative magnitudes of the pump-probe polarization measurements as well as a framework for a comparison of the various time and frequency domain Ps or 4-wave mixing spectroscopies such as OHD birefringence, dichroism, ISS, RIKES, (resonance) Raman scattering and resonance fluorescence. In particular, the relationship between resonant and nonresonant Raman and OHD birefringence and dichroism is examined in detail here.
As for any sum-over-states or sum-over-time histories description of nonlinear spectroscopy, the relative phases of the various contributions may significantly affect the observed intensities. Interferences between the brantet evolution pathways have been shown to play a significant role in the description of several frequency domain spectroscopies. For example, density matrix interferences are central to the analysis of the spectrum of resonant secondary radiation, i.e., resonance Raman and resonance fluorescence emission,21-23 and account for the appearance of extra features in resonant CARS spectra." Such interferences are shown here to play a crucial role in determining the complex character of the third order polarization amplitude and hence the relative magnitude of transient birefringent and dichroic responses. polarization components, P&(t), within the probe (detection) bandwidth. Each polarization contribution, &(t), represents a distinct or sum of distinct bra/ket time evolution histories as shown below.
Since several third order density matrix treatments of pump-probe spectroscopies have already been given16*25-27 only the most salient features relevant to the OHD technique will be summarized here. The nth order density matrix element due to n radiation field interactions is represented by i t db:b(f) =z s dt'Rab(t-f)E(t')p;$(t')pab.
The analysis of electronically resonant OHD birefringence and dichroism will be analytically considered here for two pulse duration limits: (i) when the pulse duration is much shorter than the dephasing time of the resonant optical transition, and (ii) when the optical dephasing rate is faster than the pulse duration. For the short-pulse resonance condition (i), the relative strengths of the birefringence and dichroism is shown to be pulse width dependent. In addition, the pathway explicit approach given here allows a simple spatial interpretation for the various ground and excited state intramolecular responses observed in these OHD signals.
&=p" is the initial (t= -00 ) population of level i. Throughout this treatment all molecular transition moments, p,b, will be taken to be time independent (effectively the Condon approximation, i.e., an electronic transition moment independent of nuclear motion) and the complex material response function will be given simply in the Bloch approximation form as
The expressions and relationships between time (OHD polarization pump-probe) and frequency domain (Raman) spectroscopies derived here are compared with experimental observations for both a nonresonant sample, chloroform, and a resonant chromophore, I2 in n-hexane. Chloroform has two Raman active low frequency intramolecular modes at 262 and 369 cm-' which are, respectively, depolarized and polarized bands and hence are both accessible via pump-probe studies with 30-60 fs pulses. The corresponding resonant Raman and resonant OHD birefringent/dichroic comparison will be shown for 580 nm pump-probe of 5 mM I2 in n-hexane.
(5) Furthermore, all radiation fields will be described classically and be assumed to have a Gaussian pulse duration E(t) = (Ed2)e-"'*'{e"'+e-"9.
The probe LO field is chosen to be either in-phase (+=O> or 90" out-of-phase (r$=?r/2) with respect to the probe pulse for a measurement of the dichroic or birefringent response, respectively. Thus in the slowly varying amplitude approximation (0, l/7),
at (+=r/2) = -r/i2E&2'272 cos at.
II. THEORY qEo is the adjustable LO amplitude. If the total third order polarization is expressed as the Fourier series component A. A density matrix description of OHD birefringence and dichroism
General considerations
The pathway explicit contributions to the OHD polarization signals may be described in terms of the energy loss/gain of a probe field, called here the local oscillator field (LO), as a function of interpulse time delay (td) byI Wtd3=-s aEL0 O3 P(t) atdt,
-co where =2 Re p'(t)cos lilt+2 Im p3(t)sin fit (8) then p3(t) is the complex scalar wave amplitude of the third order polarization at frequency R. Due to the phase selectivity of the LO, the birefringent and dichroic responses are thus proportional to the real and imaginary parts of the complex third order polarization amplitude p3(t), respectively [Rqs. (l), (7), and (S)].
Nonresonant pump-probe
ELo(,j) = (?1Eo/2)e-?/*P{ej(nt+~)+e-i(ot+~)~, (2) and &(t) =pL,*b&,(t) +c.c. (3) 4 is the phase of the LO with respect to the probe pulse. p(t) is the total third order macroscopic polarization that results from the sum over all the contributing third order When the pump frequencies are off-resonant with all electronic transitions, only the nuclear response of the ground electronic state contributes to the transient OHD polarization signals ( td > 7). 16J7,20 The third order polarization created by two nonresonant ultrafast pulses with interpulse delay greater than the pulse duration is given by the sum of two distinct bra/ket time evolution pathways. These two histories, referred to here as pathways I and II, are pictured in Fig. 1 for the three-level (electronically) nonresonant i,e,f molecular system. In pathway I, the initial bra (ket) (iI is first polarized to state (f 1 at second order and then the remaining ket (bra) is promoted to 1 e) which results in the third order polarization, P$ Within the rotating wave approximation, this is the time evolution history that accounts for nonresonant Raman scattering and the Raman component of resonant secondary radiation. 2"22 In pathway II, after the ground state coherence p&is created by the first pulse, the probe pulse prepares the third order polarization ee by promoting the original bra (ket ) to virtual level e (see Fig. 1 ) . This is a time evolution history that contributes to ground state CARS signals.20 Note that the original ket (bra) is unexcited as the bra (ket) solely undergoes the electric field driven evolution in pathway II. For these nonresonant pump-probe signals, pathway I results in the i-+ f material population change (inelastic or active spectroscopic change) whereas pathway II returns the system to the original population level (elastic or passive spectroscopic event). When the optical dephasing constant of the offresonant electronic transition is neglected relative to the detuning from resonance (~-0 > l/Tz) and the rotating wave approximation is assumed, the path specific mean energy loss/gain of the dichroic LO field is given by -7jKf-k W(4j,4=0) = *2 G(afi)e -td'T2u COS Wf itd Path I, (9) rlKfi =A( A-Wfi) G(afi)e -t~T2V COS Wf ird Path II.
The corresponding nonresonant birefringent responses for each of the two possible bra/ket time evolution pathways are
wfitd Path I
TJ= =A( A--f;)
Wfifd Path II,
K= IPei121Pef12 p?~ 8fi3 , , A=G--~, and G(ofi) =2r?e&% (for 7 < Tzu and td> r).
T2, is the total dephasing time constant of the ground electronic state vibrational coherence. For off-resonant pulses, A-A--ofil and hence the pathway explicit OHD contributions are in-phase or v out-of-phase with nearly equal amplitude for the birefringent and dichroic responses, respectively. Thus the magnitude of the offresonant birefringent and dichroic responses is determined by alternatively constructive and destructive interferences between third order polarization contributions pi and ef arising from density matrix time evolution pathways II and I, respectively. Consequently, the transient nonresonant birefringence due to impulsive pump-probe pulses is much larger than the dichroic response.
When the electronic dephasing rate, l/T,, is neglected with respect to the detuning A or A--wfi after the sum of pathway I and II polarization contributions is evaluated [note Eqs. (43) and (44) 
w(f,)dic= 'pu'prfi I Pei I 2 I Pef I 2A _ o2 2 &+.+&2(&Wfi)2 e fr (d-Pof) 
-co and 8=arctan( OfiT2/2), e. is the electric permittivity and Ipr = &xl * Hence, the intramolecular vibrational contribution to the nonresonant OHD birefringence [Eq. ( 14) ] will appear as a damped sinusoidal response without any additional constant phase shift. The corresponding nonresonant dichroic response may be phase shifted with respect to the birefringence by 8. This phase shift is determined by the relative magnitudes of the vibrational frequency (Wfi) and the optical dephasing time of the off-resonant electronic transition (2/T,) in this RWA three-level treatment. If the off-resonant electronic contribution is neglected or if tifi,2/T2, then 8+?r/2 and
Thus the phase of the off-resonant dichroic response is sensitive to the damping dynamics of the nonresonant source of polarizibility or, in other words, this phase is dependent on the small but finite spectral overlap between the pulse and the weak tail of the off-resonance electronic transition(s). Hence, dynamics on both the ground or excited electronic state surfaces contribute to the nonresonant dichroic response. An analogous damping dependent contribution to the nonresonant OHD birefringence also occurs, however, it is weaker by a factor of T, '/A than the sinusoidal birefringence response [Eq. (14)] given above [see Eqs. (43)]. The relative importance of this excited state contribution to the off-resonant dichroism as compared to the corresponding birefringence is due to the destructive and constructive interferences, respectively, between pathways I and II polarization contributions discussed above. It should also be noted that these results are derived within the Condon approximation and the nonCondon effects, not considered here, may affect the phase of the observed OHD signals particularly for nontotally symmetric modes. The relative magnitude of the OHD nonresonant birefringence [Eq. ( 14) ] and dichroism [Eq. ( 15) ] is given by the ratio of the off-resonance detuning (A) to the vibrational quantum (Wfi) or the optical dephasing constant (2/T,).
Thus the OHD dichroic response is typically expected to be a few percent of the corresponding birefringent signal for most intramolecular responses of nonresonant samples. The dichroic and birefringent responses of chloroform excited by 30 fs pulses centered at 580 nm are shown in Fig. 2 . These responses are obtained with the usual collinear pump-probe geometry. The standard optical heterodyne detection experimental arrangement as described elsewhere is employed here for these measurements.1'-'3 As seen in this figure, the magnitude of the intramolecular ground state vibrational coherence contribution to the dichroic response is about 5% of that in the birefringent response. It should be noted that when 2/T, <afi the lowest frequency modes will be discriminated against in the dichroic signal due to the Wfi vibrational frequency factor [Eq. ( 15)]. For off-resonant excitation, A) l/T,, the birefringent response is consequently found to be proportional to the imaginary part of the nuclear response function R (t) fi. When Ofi> l/T,, the real part of the nuclear response function R (t)fi is probed in the dichroic response. (Experimentally the ofi> l/T, condition can be verified by the observed phase shift.) Furthermore, as discussed above, the relative magnitudes of the real and imaginary parts of the complex polarization amplitude, p ( t)3, are due to constructive and destructive interferences between contributing density matrix time evolution histories (pathways I and II) and not the real or imaginary parts of the corresponding path-specific susceptibilities alone.
In contrast to these vibrationally impulsive time domain polarization measurements, off-resonance Raman scattering cross section is proportional only to the imaginary part of g(t) 3 derived from density matrix pathway I alone. Hence the real part of the nuclear response function contributes directly to a spontaneous Raman scattering spectrum. Thus a more complete measure of the nuclear response function, at least for modes with Wfi) -50 cm-', may be provided by a comparison of the dichroic and birefringent responses. These time domain measurements are analogous to the frequency domain OHD-RIKES technique28-30 in terms of the ability of the LO phase to directly distinguish between the real and imaginary parts of the nuclear response function at least for intramolecular modes.
Electronically resonant OHD birefringence and dichroism
When the pump pulse is resonant with an electronic transition of a chromophore in the sample volume, additional intramolecular (and possibly intermolecular) responses in general appear in the birefringent and dichroic responses. Under resonance pump conditions the time dependence of both excited state population and vibrational coherences contribute to the OHD transient birefringence and dichroic signals in addition to the ground state vibrational response. In general, the phase and relative magnitude of these three responses will depend on the resonance detuning, pulse duration and optical dephasing rates. Expressions describing the relative magnitudes of the nuclear responses with respect to the LO phase, i.e., dichroism or birefringence, can be conveniently considered in two resonance limits (a) the short pulse/slow optical dephasing regime, T < T2 and (b) long pulse/rapid optical dephasing limit, T2 < 7.
a. Short pulse/slow optical dephasing limit (r < T2 and td, 7). In the limit that the pulse duration (T) is less than the optical dephasing time constant (T,) of the resonant electronic transition, the intramolecular OHD dichroic responses originating in level i of the four level system pictured in Fig. 7 are given by
where Ziegler et al.: Femtosecond polarization spectroscopy 1827
2, Pi&ie+eflUe'fPP T1, T&, Tf, are the excited state population, excited state vibrational (a,~) coherence and ground state (Wfi) vibrational decay constants. The detuning parameters are hei =~,i-fi and
Xe-tf/2Pe-~ --03 4,ftl (21) Correspondingly, when the LO pulse is 7r/2 shifted with respect to the probe pulse, the intramolecular birefringent responses of the electronically resonant chromophore in the short pulse/slow optical dephasing limit are given by
XL(Ae,i)]e-td/T;Ucos~e,etd.
The relative magnitudes of the dichroic and birefringent responses in this short pulse limit are determined by the pulse duration and the detunings of the pump and probe carrier frequencies from electronic resonance. When the pulse convolution integral G(A) L( A') is defined as above [Eq. (21) ] the real and imaginary parts for near resonant short pulses can be approximated by (see the Appendix) 
ImG(A)L(
As the pulse duration (7) decreases, the contribution of Im G(A) L (A') relative to Re G(A) L( A') correspondingly decreases. Consequently, the relative magnitude of the resonant dichroic and birefringent responses is a function of the pump and probe pulse durations in this fast pulse limit [see Eqs. ( 18)- (20) and (22)- (24)]. In addition, the finite pulse duration, i.e., the relative real and imaginary character of the two-time integral G(A) L (A'), accounts for a small phase shift in the ground state responses. The real and imaginary parts of this function are plotted in Fig. 3 for two different pulse durations as a function of detunings from the pulse carrier frequency (A -A'). For the resonant OHD I2 experiments referenced here using 30 fs pulses (FWHH), r=12.8 fs, A--h '--oif27rc(200 cm-') , and hence ImG(Aepf) L( -ArJ/Re G(A,,f) L( -A,~i) -0.3. Thus for pulses of this duration ( -30 fs) the resonant dichroic signals are larger than the corresponding resonant birefringent responses [compare Eqs. (18)- (20) with Pqs. (22)- (24) 
FIG. 4. Calculated resonant (a=~,)
OHD biiefringence and dichroism signals due to a ground state vibrational coherence (ofi= cm-', T&= 1.4 ps) as a function of pulse duration in the fast pulse limit (T < T,). Relative intensity units are the same for each panel.
The effect of pulse duration on the relative dichroic and birefringent impulsive OHD responses in this fast pulse resonant limit is also demonstrated in Fig. 4 . The contribution of a ground state vibrational coherence (Ofi =200 cm-', T&= 1.4 ps) to these signals due to resonant (fi = W,i) pulses is shown for conserved pulse energy as a function of pulse duration. The dependence of the relative birefringence and dichroic signals, as well as a r-dependent phase shift, is clearly evident in this figure as the pulse width is changed from 10 to 70 fs.
The relative magnitudes of the resonant OHD dichroism and birefringence can be more readily understood in terms of the component density matrix pathways contributing to the ground and excited state molecular responses. The density matrix evolution diagrams contributing to the ground state vibrational coherence response is shown in Fig. 5 (same as Fig. 1 except state e is real). The path specific contributions to the resonanf ground state vibrational response originating in level i for the three level system (e=e') are 
where These pathway dependent polarization components to the resonant (0 = O,i) birefringence and dichroism are plotted in Fig. 6 for the wfi=200 cm-', Tf,=1.4 ps vibrational coherence and 10 and 70 fs pulse durations. In contrast to the ofiresonant path specific intramolecular dichroic and birefringent responses [Eq. (9)- ( 12)], path I and path II derived polarizations, respectively, P$ and & constructively interfere for the resonant dichroic response and destructively interfere for the resonant birefringent response. Furthermore, these path dependent polarization components are phase shifted with respect to each other as a function of pulse width (see Fig. 6 ). Hence, the extent of this interference between time evolution pathways is consequently dependent on the pulse duration. Pathway II introduces a td independent phase shift to the resonant ground state responses in this fast pulse/slow optical dephasing limit [Eq. (31) The magnitude of the resonant excited state vibrational dichroic/birefringent response results from constructive/ destructive interference between pathways leading to ef (pathways 2 and 3) and Z$f (pathways 1 and 4). This density matrix pathway interference is pulse duration dependent as shown above. Each of the path specific nuclear responses have identical amplitude but are symmetrically phase shifted with respect to each other. This phase shift is pulse duration and detuning dependent. As Figs. 6 and 7 and Eqs. (25) and (26) reveal, the magnitude of both the birefringent as well as the dichroic responses will decrease as the pulse duration decreases (for a tixed electric field amplitude, Eo). Mathies et al. have pointed this out in the context of explicit wave packet calculations of ti responses.27 In a delta function pulse limit G(A) L (A') = 1, the destructive interferences between I and ef, and between P$f and pef will be complete and thus only the dichroic responses will be observed.
Finally, when the initial thermal population of level f is explicitly considered in this four level, fast pulse limit, the ground state vibrational coherence signals are given by
Birefringence m% w(td>$= -T C /Ji$leflielpeti Im[G(Aepf) e,e'
Thus the temperature dependence of ground state vibrational contributions to resonant birefringence and dichroism responses may be pulse width dependent. b. Rapid optical dephasing limit (T2 (7). When the pulse width is long with respect to the optical dephasing decay of the resonant electronic transition, expressions for OHD polarization signals can also be analytically derived. Energy level diagrams describing the time evolution of the excited state coherence contribution to the resonant OHD detected birefringence and dichroism. Pathways 1 and 4 contribute to I$,, and pathways 2 and 3 contribute to e,=. As in Fig. 4 , solid and dashed arrows correspond to bra and ket side evolution and time is increasing from left to right.
In this limit the homogeneous width of the resonant electronic transition is broader than the spectral width of the pump/probe pulses. The population decay contributions to these responses for td> S-and pulse durations shorter than the molecular dynamics of interest (7 < T,) in the rapid dephasing limit are given by 
When the pulse duration is longer than the optical dephasing time but shorter than the nuclear dynamics of interest, the relative contribution of the population decay to the dichroic and birefringent responses of this three level system is given by: w( td)dic/ w( td) bir = (tan 0,) -' = ( l/ T2)/( Cl -wef). If the pump pulse is resonant with the i-e transition, n -wef= Wfi and the relative magnitudes of the dichroism/birefringence signals are -l/Tz/Wfi. Hence, in the limit of this rapid optical dephasing regime where l/T, >mfi, the excited state population contribution to the dichroism signal will be larger than the corresponding birefringence. The contribution of ground state vibrational coherences to the OHD polarization signal are given by the two bra/ket evolution pathways (I and II, Fig. 5 ) discussed above. When the initial population of ground state levels i and f are explicitly included, the resonant dichroic and birefringent responses due to both density matrix histories in this fast dephasing limit are 
(4.4)
The expressions for the off-resonant OHD polarization response given above [Eqs. ( 14) and ( 15)] are obtained from this more general result when l/T, is neglected with respect to A, the off-resonance detuning. In general, the phase of this ground state coherence and the relative magnitudes of the dichroic and birefringent responses will depend on the detunings ( Aei,Aef), optical dephasing rate and ground state vibrational frequency as shown above in this pulse limit [Eqs. (43) and (44)]. However, when the pump pulse is resonant with the i-+e electronic transition, i.e., A,=O, and in this fast optical dephasing limit, we take l/T, > tifi, the dichroic and birefringent responses reduce to Dichroism w( td)$= -2flIpulpr e$c2+i3( 1/T2)2 e-~~i'I~ei121~~f12e-fdT~"
X (pof+p~)~fiCOs @fifd* (46) The relative magnitude of the above dichroic and birefringent responses is again given by l/T,/wfi.
Thus under these resonance conditions ( T2 ~7, l/T2 > Wfi, and n =wJ, the dichroic response will be larger than the birefringent response and these signals will exhibit rr shifted cosinusoidal oscillations. This effect is due to the constructive (destructive) interference between pathway I and II density matrix contributions to the resonant dichroic (birefringent) response. In this rapid dephasing resonance limit, if l/T,-tifi> 7-l the two time evolution pathways, I and II, cancel much less completely. Consequently, the transient dichroism and birefringence will be of the same order of magnitude and a fd independent phase shift will be observed.
The excited state vibrational coherence contributions in the rapid dephasing limit to the OHD dichroism and birefringence are given by 
ri2= (Ae,i)2+ l/T;; ri2= (A,,f)2+ l/T;; (49) tan ei=A,J( l/T2); tan ei=A,,f/( l/Tz).
The four cosine/sine terms in the dichroic/birefringent responses above correspond sequentially to the density matrix evolution histories labeled 1, 2, 3, and 4 in Fig. 7 . If we 1832 Ziegler et al.: Femtosecond polarization spectroscopy consider the limit where the optical dephasing rate is greater than the relevant detunings, i.e., l/Tz)tie*i-an, as might be anticipated in the rapid optical dephasing limit, then t$z and 0;,2 E 0, and Rqs. (47) and (48) (51)
Thus in the resonant limit where the homogenous linewidth ( 1/T2) is larger than detunings ad, oeti-fi, and wef, w,,f -n ( 61,2 = 0,8;,2 = 0) the excited state vibrational coherence contribution to the birefringence is vanishingly small compared to the corresponding dichroic response. As can be seen in Eqs. (47) and (48), when 01,2, f3i,z = 0 the polarization components due to paths 1 and 4, and 2 and 3 ( Fig. 7) (40) and (41)] are just proportional to the integrated pulse energies, at least for pulse durations less than the excited state dynamics of interest (r < T,). However, the magnitude of the ground and excited state vibrational coherence contributions to the OHD polarization signals [Eqs. (43) , (44) and (47), (48)] is a maximum for pulse durations of Wfi' and w:f, respectively. Thus in this rapid optical dephasing limit, the population decay terms may be much larger than contributions from a particular Raman active mode for pulse durations (7) significantly smaller or greater than the corresponding period of this mode. The analysis presented above is strictly given for a four level system. Generalization to multivel treatments, particularly necessary for cases of large electron-phonon coupling, is straightforward.
Spatial interpretation of time-domain OHD bire fringence and dichroism
In order to make a quantitative comparison of time and frequency domain third order polarization dependent spectroscopies, the spatial dependence of the pump-probe electric field polarizations must be considered. The macroscopic nonlinear material polarization response in the ith direction due to three active electric fields polarized along the j,k,l space fixed directions may be described using the third order susceptibility elements x'+~ In the familiar Maker-Terhune notation where the field frequencies obey fi=ai +fl2+Ck3 (and the k-vector dependence is suppressed) we have29-31 signal ( y-x ) probe( x+y ) e(fi) =X$ -sz,n,,n,,n,>E,(n,)E,(n,>E,(n,>. (52) Equivalently, in the time domain3' ett)= jdf, Idt,Sdr,Xlixr(t,r,,r,,t,)
(53) The time and frequency domain susceptibilities are related by the appropriate Fourier transform relationships. For purposes of this discussion &kl can represent either the time or frequency explicit dependent susceptibility as long as the pairing of the time or frequency arguments and the spatial indices is preserved.31 Here we will adopt the field ordering convention used by Hellwarth xskl( -~2,~2,fil, -0,) for two beam dependent p spectroscopies.31 In isotropic media there are four nonvanishing susceptibility elements (ijkl= 1111, 1122, 1212, and 1221) and they obey the relationship: 1111=1122+1212+1221. The 1 and 2 subscripts on x3 represent mutually perpendicular polarization directions.
a Nonimpulsive pump-probe polarization spectroscopies. The differential polarized (11 ) and depolarized (1 ) cross sections of spontaneous Raman scattering can be described by terms that contribute to the imaginary part of x3( -'n2,f12,Q,,-n1) and the isotropic (iso) and anisotropic (aniso) parts of the Raman scattering tensor by2ar29 beam is probed by a second beam with its electric polarization vector oriented at 45" with respect to the pump and a new polarization component perpendicular to the probe is detected. The active susceptibility elements describing this material response may be discerned from the corresponding density matrix evolution diagram shown in Fig.  9 . If fit and a2 are the pump and probe frequencies, respectively, then the OKE or RIKES signal is proportional to30
(554 -x:,22(-n2,LnZ,n,,-n,,.
The observed OKE response thus arises from the dzfirence between refractive indices parallel and perpendicular to the pump polarization direction. Correspondingly, the RIKES signal is proportional to the difference between polarized and depolarized Raman scattering cross sections of the mode at 0, -n2. In terms of the Raman scattering polarizability tensor components, SRrKES is thus proportional to is0 + l/3 aniso.2a These relationships hold for electronic resonance as well as off-resonance excitation.
b. OHD polarization spectroscopy with ultrafast pulses.
Pump-probe measurements of the transient birefringence and dichroism due to ultrafast pulses capable of impulsive or coherent vibrational excitation are represented by the density matrix time evolution diagrams shown in Fig. 10 . The relative polarizations of the pump, probe, and detection/signal fields are the same as described above in Raman coherences to the OHD time resolved birefringent and dichroic responses are exclusively proportional to the anisotropic part of the Raman scattering polarizability tensor. Excited state vibrational coherences appear in these transient polarization responses when the pump pulse is electronically resonant as described above. A corresponding density matrix time evolution diagram is shown in Fig.  10(b) . The active susceptibility elements governing this contribution may be deduced from this diagram and are thus found to be +x:122(-n2,n2,nl,-R~) aaniso. (57) Thus in analogy to the ground state Raman OHD response, the impulsive excited state contributions are proportional to the anisotropic part of the two-photon tensor corresponding to the Raman scattering of the excited electronic state vibrational mode due to resonance with the e-g transition.
The density matrix time evolution of the excited state population component to the resonant OHD signals is described by diagrams of the type shown in Fig. 10(c) . In contrast to the impulsive vibrational OHD transient re- sponses, the excited state population OHD resonant dichroic and birefringent responses are proportional to n2, nl, e +x:2*2(-~2,~2,~11-~l)l (584 =x:lll(-~2,n2,n1,-n*) -x:l22(-~2,~2,n*1-n,).
The excited state population contribution to the OHD signals arises from the differential absorption/stimulated emission of the probe beam, i.e., 111 l-l 122. Thus the origin of the population decay response in the ultrafast transient regime is identical to that of the cw, i.e., nonimpulsive, OKE or RIKES spectra as described above.30
III. COMPARISON OF TIME AND FREQUENCY DOMAIN POLARIZATION DEPENDENT SIGNALS
A. Nonresonant excitation
The polarized and depolarized spontaneous Raman spectra of chloroform excited at 580 nm are shown in Fig.  11 . The two intramolecular CHCl, modes at 261 cm-' (e) and 365 cm-' ( ) a are clearly observed to be depolarized and polarized, respectively. The relative intensity (by peak height) of the 261 cm-'/365 cm-' modes is 6.5AO.5 in the depolarized Raman spectrum. The imaginary part of the Fourier transform of the transient OHD birefringence of chloroform pumped and probed by 30 fs pulses centered at 580 nm ( Fig. 2) and corrected by the autocorrelation of the pulses is compared to the depolarized spontaneous Raman spectrum in Fig. 1 I (b) . In agreement with the analysis presented above, the relative intensities of the two intramolecular chloroform Raman active modes are identical in the birefringence FT and the depolarized spontaneous Raman spectrum. The predicted off-resonant interpulse delay dependence of the birefringent response is exp( -td/ T&in @f ,$d [Eq. ( l5) ]. Furthermore, this signal is proportional to the anisotropic part of the Raman scattering tensor as demonstrated above. Thus the imaginary part of the Fourier transform of the birefringent response should correspond to a Lorentzian with a linewidth (FWHH) equal to that of the depolarized spontaneous Raman spectrum. From a singular value decomposition fit of the observed birefringence to a sum of exponentially damped cosinusoidal functions the oscillations corresponding to the 261 cm-' mode decay with an exponential time constant of 1.4 ps. The observed linewidth (FWHH) of this band in the depolarized Raman scattering spectrum is 7.7hO.2 cm-' (Fig. 12) . This corresponds to a total dephasing time of 1.4A .04 ps in excellent agreement with the time domain results. Thus the time dependence of the nonresonant OHD polarization signals are seen to be proportional to the FT of the anisotropic part of the ground state Raman scattering tensor in agreement with the discussion above. Furthermore, the homogeneous part of the anisotropic Raman linewidth is often taken as the product of purely rotational and vibrational dephasing components.32 Such a model is consistent with the form of the signal inter-pulse delay dependence [s( td)] previously assumed for the analysis of the OHD polarization responses, i.e., s(td) =R( td) w( td) where the rotational reorientation and vibrational coherence decay are R ( td) and w( td), respectively.'3v20 B. Relation of OHD responses to the resonance Raman spectrum
The depolarized spontaneous resonance Raman spectrum of 5 mM I2 in n-hexane excited at 580 nm is shown in Fig. 13 . Several bands are observed in the 100-500 cm-' region. The I, fundamental (211 cm-') is the strongest vibrational feature and the 370 cm-' band of n-hexane is the next most intense band. The first vibrational overtone of I, and several other solvent bands are also clearly evident. The corresponding OHD resonant birefringence and dichroism of 5 mM I2 in n-hexane pumped and probed by 30 fs pulses at 580 nm are shown in Figs. 14 and 15. The nuclear responses obtained by subtracting the early time electronic response are shown in Fig. 14 insets. The I, responses dominate the resonant dichroic signal (Fig. 15 ) but are barely evident in the resonant birefringent response (Fig. 14) . In the Fourier transform of the dichroic response the I2 fundamental and first overtone are clearly seen, however, the n-hexane fundamental, the second most intense feature in the resonance Raman spectrum (Fig. 13) is not detected in the resonant dichroism (Fig. 15) .13 By contrast n-hexane nuclear responses dominant the birefringence of the I, resonant solution (Fig. 14) .
These effects are due to the interferences between the contributing bra/ket time evolution histories as described above. The resonant I2 dichroic and birefringent responses are described by the fast pulse limit; r= 30 fs, T,=200 fs. In the n-hexane solution dichroism, the ground and excited state vibrational responses of the resonant solute (12) are derived from constructive interferences between density matrix evolution pathways I and II (Fig. 5) or between pathways 1 and 4, and 2 and 3 ( Fig. 7) , respectively. In contrast, destructive interferences between time evolution pathways eliminate the nonresonant solvent responses from the I, solution dichroism. However, density matrix pathways constructively interfere for the solvent and partially destructively interfere for the resonant solute ( 12) in the solution birefringence.The cw spontaneous resonance Raman spectrum or more exactly the Raman component ,,,,,,,,,,,,,,,,,,,,.,,,, of the resonance secondary radiation spectrum is proportional to the imaginary part of p3 derived from just a single density matrix evolution diagram (pathway I). No such interferences contribute to the spontaneous Raman spectrum. Hence both the resonant solute and the nonresonant solvent contribute, weighted by their respective number densities, to the imaginary part of the third order polarization of the solution and thus the resonance Raman spectrum. The interfering polarization components are a function of the capability of ultrafast pulses to directly prepare vibrational coherences.
IV. CONCLUSION
The relative magnitudes of the resonant and nonresonant OHD birefringent and dichroic responses pumped and probed by ultrafast pulses are determined by the constructive or destructive interferences between contributing density matrix time evolution histories. When the pumpprobe frequencies are in a region of optical transparency (nonresonant), the birefringent response is on the order of 10-100 times stronger than the dichroic response due to constructive and destructive interference respectively, between third order polarization time evolution pathways. Time (PS) 4 ",",,,,,',,,,,',,',',,'",',,' Real ---. Imaginary 1' l,~,,l,,,,l,,,,,,,,,I,,,,,,,,, The relative phasing of these time evolution pathways is essentially reversed for electronically resonant chromophores and short pulses. Thus, constructive interferences occur for the resonant dichroic response and destructive interferences contribute to the resonant birefringent intramolecular responses. No such interferences contribute to the cross section of cw Raman scattering due to the monochromatic character of the excitation. The pulse width and detuning controls the extent of this interference effect and contributes to a small constant phase shift to all ground state responses in the fast pulse limit (pulse width < resonant optical dephasing time). Hence, the relative magnitudes of the dichroic and birefringent responses when the electronically resonant pulse duration is shorter than all other material dephasing times are pulse width dependent. The resonant birefringent responses nearly vanishes for the shortest pulse durations, i.e., when the complex third-order polarization amplitude is almost entirely real. Analogously, in the fast optical dephasing limit, the relative strength of the resonant birefringent and dichroic responses and the td independent phase shift of these nuclear responses are controlled by the relative magnitudes of the optical dephasing time constant and the vibrational period (ground or excited state response). When molecular responses are dominated by ex-cited state dynamics, i.e., T, > oif', the resonant birefringent response also vanishes.
The electronically resonant or nonresonant birefringence and dichroism are proportional to the imaginary and real parts of the complex total (i.e., sum over all density matrix histories) third order polarization amplitude, a~~( t), respectively. In contrast, the observed spontaneous (or stimulated) Raman scattering spectrum is proportional to just the imaginary part of p3 (t). A more complete picture of the vibrational nuclear response function may be provided by a comparison of the birefiingent and dichroic responses which are respectively proportional to the imaginary and real parts of the nuclear response function at least for some off-resonant samples.
The comparison of time and frequency domain analysis of nonresonant Raman vibrational resonances leads to a satisfying confirmation of theory but raises questions about the practical significance of nonresonant two-pulse pumpprobe studies of intramolecular modes particularly. A Fourier transform of the OHD ground state vibrational response time dependence is shown to be proportional to the anisotropic part of the Raman scattering tensor, i.e., the depolarized light scattering spectrum. In accordance with theory, the nonresonant birefringence of chloroform is found to decay with the same time constant (1.4 ps) that corresponds to the observed depolarized spontaneous Raman scattering bandwidth. Furthermore, the relative contributions of the two low frequency CHCl, intramolecular modes (262 and 365 cm-') is identical to that observed in the spontaneous Raman spectrum. To the best of our knowledge this is the most rigorous comparison of a time and frequency domain analysis of Raman resonances. Although the vibrational dephasing time and relative intensities agreement is satisfying, these femtosecond nonresonant birefringence measurements reveal no new information about intramolecular ground state modes as compared with the Raman frequency domain analysis. However, this nonresonant OHD birefringent technique is of great value for the direct observation of very low frequency collective, intermolecular and rotational reorientational motions which are much more difficult to observe in frequency domain spectral analysis. Furthermore it remains to be seen whether OHD nonresonant birefringence observations with even shorter pulses may more easily resolve nonexponential decays than the corresponding depolarized Raman spectrum.
However, an advantage of these time domain experiments as compared to frequency domain, i.e., spontaneous Raman scattering that this analysis illustrates, is that the low frequency contribution from the nonresonant solvent, which can often dominate the resonance Raman spectrum of a solution, is missing in the OHD dichroic responses. Thus those low frequency intra-and intermolecular degrees of freedom coupled to the resonant chromophore in a solution may be more clearly observed via time domain measurements than frequency domain studies.
The treatment described here has been limited to a three or four molecular level description, in the absence of inhomogeneous broadening, excited and probed by identical pulses (one-color pump-probe). The extension of this path specific approach to include more sophisticated vibronic and vibrational response functions, as well as the effects of electronic and vibrational inhomogeneities, and two-color pump-probe responses can be readily incorporated. More detailed and quantitative calculations of the relative (and absolute) magnitudes and phases of the resonant birefringence and dichroism of real molecular systems, such as the previously reported 1,,13 results will depend on a multiexcited state level description which includes cross terms. A more complete treatment of nonresonant responses should also include those density matrix time histories excluded here by the RWA.
Finally, both ground and excited state dynamics are shown here to contribute to the initial phase and magnitude of the ground and excited state nuclear responses. A subsequent wave packet treatment will more explicitly show how the dynamics on the various electronic state surfaces accounts for the relative phase and magnitudes of these responses.
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